Introduction {#sec1}
============

Female sexual dysfunction is a common problem in women. Laumann et al[@bib1] reported that 43% of women experience sexual problems that negatively affect their quality of life. The physiologic mechanisms of genital sexual arousal are not clearly understood. The female sexual arousal response has been suggested to be a complex physiologic process featuring clitoral and vaginal engorgement and vaginal lubrication as a result of increased clitoral and vaginal blood flow.[@bib2], [@bib3], [@bib4] Vaginal lubrication is one indicator of the genital sexual arousal response. However, the underlying mechanisms of vaginal lubrication are not clear. The vaginal mucosa includes a complex network of small capillaries just beneath the vaginal epithelium that could account for vaginal fluid secretion and lubrication.[@bib5]

Aquaporins (AQPs) are traditionally known as membrane proteins that facilitate water movement across cells.[@bib6] In some cases, AQPs can transport small solutes such as glycerol, ions, and gas. Among the AQP family members, AQP3 transports glycerol and presumably other small solutes across cells.[@bib7], [@bib8] Vaginal fluid consists of various elements besides water, and we previously reported the distinct localization of AQPs in the vagina of rats and humans as a potential component of vaginal lubrication.[@bib9], [@bib10] Thus, we targeted AQP3 as a potential active mediator of vaginal lubrication.

All-trans retinoic acid (ATRA) is an important mediator of several biological processes in the body, such as differentiation, proliferation, embryogenesis, reproduction, and apoptosis, and immune-mediated anti-inflammatory effects.[@bib11], [@bib12], [@bib13] Retinoic acid (RA) is reported to be an active regulator of body fluid secretion, and RA might be involved in maintaining the homeostasis of bronchial surface fluid secretion.[@bib14], [@bib15], [@bib16] We hypothesized that ATRA and AQP3 might be involved in vaginal fluid regulation. In support of this hypothesis, ATRA was reported to increase the expression of AQP3 and enhance biological activity in human skin.[@bib17] In that study, topical application of ATRA induced a meaningful response of epidermal AQP3 and strong immunoreactivity in the epidermal basal layers, suggesting possible involvement of ATRA in the regulation of AQP3.

Aims {#sec2}
====

In the present study, we investigated whether ATRA regulates AQP3 in human vaginal epithelial cells to assess the functional implications of AQP3 in vaginal lubrication.

Methods {#sec3}
=======

Cell Culture and Treatment {#sec3.1}
--------------------------

Human vaginal mucosal epithelial (CRL-2616) cells were obtained from the American Type Culture Collection (Rockville, MD, USA). Cells were incubated at 37°C in 5% CO~2~ and maintained in keratinocyte serum-free medium (Gibco BRL, Paisley, UK). Cells were used when they reached a confluent state.

ATRA was obtained from Sigma (St Louis, MO, USA). For the in vitro studies, stock solutions of ATRA were prepared in dimethyl sulfoxide and subsequent dilutions were prepared in culture medium, so that the final concentration of dimethyl sulfoxide was always 0.1%. ATRA at concentrations of 0, 0.01, 0.1, and 1 μmol/L was applied to CRL2616 cells for 24 hours. The RA receptor-α (RARα) antagonist, Ro41-5253, was purchased from Sigma. Cells were allowed to attach for 24 hours and then were incubated in medium with the appropriate concentration of Ro 41-5253 (0.1--5 μmol/L).

Immunocytochemistry {#sec3.2}
-------------------

Cells were rinsed in phosphate buffered saline and then treated with normal chicken serum for 30 minutes to block non-specific binding. After washing in phosphate buffered saline, cells were incubated with antibodies for AQP3 (1:100; Abcam, Cambridge, MA, USA) in phosphate buffered saline for 12 to 14 hours at 4°C. Immunoreactivity for AQP3 was detected using Alexa Fluor 594-conjugated chicken anti-rabbit immunoglobulin G (H + L; Molecular Probes, Inc, Eugene, OR, USA). Cells were mounted in a mounting solution containing 4′-6-diamidino-2-phenylindole. Cells were examined with an LSM 510 (Carl Zeiss, Seoul, Korea) confocal microscope with an excitation wavelength appropriate for the Alexa Fluor dyes (405 and 594 nm). Final images were constructed using LSM Image Examiner software.

Sodium Dodecylsulfate Polyacrylamide Gel Electrophoresis and Western Blot {#sec3.3}
-------------------------------------------------------------------------

Proteins were electrophoresed on sodium dodecylsulfate 10% polyacrylamide gels and transferred to a polyvinylidene difluoride membrane (Amersham Pharmacia Biotech, Little Chalfont, UK). The blots were washed with Tris-buffered saline and Tween-20 (Tris-HCl 10 mmol/L, pH 7.6, NaCl 150 mmol/L, 0.05% Tween-20). The membrane was blocked with 5% skimmed milk for 1 hour and incubated with the appropriate primary antibody at the dilution recommended by the supplier. Rabbit α-AQP3 (1:1,000; Calbiochem, Nottingham, UK), rabbit α-RARα (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and glyceraldehyde 3-phosphate dehydrogenase (1:10,000; Cell Signaling, Danvers, MA, USA) were used. The membrane was washed, and the primary antibodies were detected with goat anti-rabbit immunoglobulin G conjugated to horseradish peroxidase. Antibody incubations were performed at 4°C in an incubator. Bands were visualized using enhanced chemiluminescence (Amersham Pharmacia Biotech).

Reverse Transcription Polymerase Chain Reaction {#sec3.4}
-----------------------------------------------

Total RNA from CRL2616 pellets was extracted by the acid guanidium-thiocyanate-phenol-chloroform method using Tri-Reagent. The concentration of total RNA was determined by measuring the optical density at 260 nm. One microgram of total RNA was converted into first-strand cDNA using the ImProm-II Reverse Transcription system with Oligo(dT)15 primers, as suggested by the manufacturer\'s instructions (Promega, Madison, WI, USA). For the semiquantitative polymerase chain reaction experiment, the reverse transcription product was amplified using specific primers designed from human AQP3 cDNAs and β-actin cDNA. Amplified polymerase chain reaction products were subjected to electrophoresis on 1.5% agarose gels and visualized on an ultraviolet table.

The AQP3 forward and reverse primers were 5′-ACCTTTGCCATGTGCTTCCT-3′ and 5′-GCGTCTGTGCCAGGGTGTA-3′, respectively, and the β-actin forward and reverse primers were 5′-CTGGCACCCAGCACAATG-3′ and 5′-GCCGATCCACACGGAGTACT-3′.

Data Analysis {#sec3.5}
-------------

Data were expressed as mean ± SD of the mean. The significance of differences among the groups was determined using analysis of variance with post hoc Tukey test. Statistical significance was set at a *P* value less than 0.05.

Results {#sec4}
=======

AQP3 Is Expressed in CRL2616 Cells {#sec4.1}
----------------------------------

AQP3 was expressed in the cell membrane of human vaginal mucosal epithelial cells ([Figure 1](#fig1){ref-type="fig"}A).

ATRA Increases AQP3 Protein Expression in CRL2616 Cells {#sec4.2}
-------------------------------------------------------

To investigate whether ATRA affected the expression of AQP3 in human vaginal mucosal epithelial cells, CRL2616 cells were treated with ATRA 1 μmol/L for 0, 3, 6, 12, and 24 hours and AQP3 protein in whole-cell lysates was measured by western blot analysis. The expression of AQP3 increased with time, significantly so after 12 to 24 hours ([Figure 1](#fig1){ref-type="fig"}B). To examine the dose-dependent effect of ATRA, cells were treated with ATRA 0, 0.01, 0.1, and 1 μmol/L for 24 hours. ATRA increased AQP3 protein levels in a concentration-dependent manner ([Figure 1](#fig1){ref-type="fig"}C).

ATRA Upregulates AQP3 mRNA Expression in CRL2616 Cells {#sec4.3}
------------------------------------------------------

To analyze the effect of ATRA on the expression of AQP3 mRNA in CRL2616 cells, cells were treated with ATRA 0.01, 0.1, and 1 μmol/L for 24 hours. Similar to the AQP3 protein expression, the AQP3 mRNA expression level increased in a concentration-dependent manner after ATRA treatment ([Figure 2](#fig2){ref-type="fig"}).

ATRA Increases AQP3 Expression in CRL2616 Cells Through RAR {#sec4.4}
-----------------------------------------------------------

The effects of ATRA are mediated by its receptors, and ATRA regulates the expression of its own receptors. We examined the expression of RAR isoforms in response to ATRA treatment. Treatment of ATRA increased the expression of RARα in cells ([Figure 3](#fig3){ref-type="fig"}).

The effects of ATRA on AQP 3 expression were investigated further using an antagonist to the RAR. The antagonist (Ro 41-5253) is a synthetic retinoid that binds RARα (high affinity), RARβ, and RARγ (low affinity) and subsequently blocks binding of ATRA. Treatment of CRL2616 cells with the RAR antagonist for 24 hours significantly decreased AQP3 protein expression compared with controls, which suggested that the effects of ATRA on the expression of AQP3 were dependent on RAR ([Figure 4](#fig4){ref-type="fig"}).

Discussion {#sec5}
==========

In the present study, ATRA significantly increased the levels of AQP3 protein in vaginal mucosal epithelial cells. Furthermore, as shown by reverse transcription polymerase chain reaction, ATRA increased the levels of AQP3 mRNA in a dose-dependent manner. To our knowledge, this study is the first to report a possible relation between AQP3 and ATRA in the regulation of the vaginal lubrication mechanism.

The female genital arousal response is a complex physiologic process. Although the vagina does not have any gland structure, it secretes large amounts of vaginal fluid that plays an important role in vaginal lubrication.[@bib18] Human vaginal fluid is a complex biological fluid composed of water, electrolytes, low-molecular-weight organic compounds (glucose, lipids, and amino acid), cells (epithelial cells, leukocytes, and lymphocytes), and some proteins and enzymes.[@bib19] The subepithelial region of the vaginal wall includes a compact and rich microvascular network of capillaries that are an important component of vaginal lubrication.[@bib5] The vaginal epithelium, in the basal state, reabsorbs sodium as plasma transudates from the capillaries located in the submucosal area. Levin[@bib20] suggested that the vaginal epithelium can transport Na^+^ ions from the vascular lumen to the serosal tissues, which could mediate the formation of vaginal fluid. Until now, however, the exact mechanism of vaginal lubrication has not been fully disclosed. It remains unclear whether vaginal lubrication is mediated mainly by blood flow or whether other potential mechanisms independent of blood flow also contribute.[@bib18]

AQPs have been suggested to play an important role in vaginal lubrication.[@bib9] In our previous animal study, we suggested a role for AQPs in vaginal lubrication by demonstrating the expression of AQP1, 2, and 3 in rat vagina.[@bib9], [@bib21] We suggested that sexual stimulation by electric stimulation of the pelvic nerve might be involved in moving the AQP channel from the cytoplasm to the cell membrane of the epithelium and that this alteration might induce water transport across the vaginal cells. In our follow-up human study, we reported the distinct presence and immuno-localization of AQP1, 2, 3, 5, and 6 in human vaginal tissue from premenopausal women.[@bib10] In that study, we showed that AQP water channels have different cellular localization and suggested that the AQPs might have different functional roles depending on their subtypes and cellular location.

At least 13 AQPs (AQP0--12) have been identified to date in mammalian cells, all of which are highly permeable to water. Of these, AQP3, 7, 9, and 10 also are permeable to glycerol and some solutes and are called *aquaglyceroporins*.[@bib2] Evidence from many studies in humans and mice lacking AQPs indicates that AQPs have important physiologic roles, including facilitating trans-epithelial water transport, skin hydration, and urine concentration and regulating glandular secretion.[@bib22], [@bib23]

In the human skin, Bellemère et al[@bib17] investigated whether ATRA, a potent modulator of keratinocyte proliferation and differentiation, could regulate AQP3 expression in human epidermal keratinocytes. They reported that topical application of ATRA resulted in significant changes in the epidermal expression of AQP3 and powerful immunoreactivity in the epidermal layers of the skin in vivo and in vitro. They also found that the increased expression of AQP3 gene and protein induced by ATRA was associated with increased glycerol uptake in human epidermal keratinocytes.[@bib17]

Considering the characteristics of mucoid vaginal fluid, aquaglyceroporins are likely to be involved in the vaginal lubrication mechanism. In the present study, therefore, we focused on AQP3 because it is an aquaglyceroporin that transports glycerol and possibly other small solutes in addition to water.

ATRA is a potent stimulator of keratinocyte proliferation in skin and is usually prescribed for various skin diseases to enhance skin hydration.[@bib24] ATRA also is involved in vaginal epithelial differentiation and proliferation. For example, ATRA deficiency in rodents results in a persistent keratinization response of the vaginal epithelium.[@bib25] In the epithelial lining of the reproductive tracts, including the vagina, cervix, and uterus, a specific role for ATRA has been suggested in epithelial proliferation and in alteration of the pattern of keratinization.[@bib26] The induction of gene transcription by ATRA is mediated by the ATRA receptor (RAR).[@bib27], [@bib28] In the present study, we found that the increase in AQP3 protein stimulated by ATRA was correlated with an increase in the ATRA receptor (RARα), which suggests the active involvement of RARα in mediating the interaction between AQP3 and ATRA across the vaginal epithelial cells. To confirm the involvement of RAR, we examined the effect of RAR antagonist on the expression of AQP3 and found a significant dose-dependent decrease in AQP3 expression. These results suggest that the effect of ATRA on AQP3 expression actively involves RAR in a dose-dependent manner. In this study, we used an RAR antagonist (Ro 41-5253) that binds RARα (high affinity), RARβ, and RARγ (low affinity) and subsequently blocks binding of ATRA. Further studies are needed to evaluate the role of RAR subtypes on AQP3 expression using small interfering RNA methods.

To our knowledge, this study is the first to report a possible relation between AQP3 and ATRA in the regulation of the vaginal lubrication mechanism. Modification of AQP3 by ATRA in human vaginal epithelial cells is a new action among the numerous established effects of ATRA.

Other experimental methods for studying the actual vaginal fluid in vivo might yield further insight into the mechanism of vaginal lubrication. In our next study, we plan to study the molecular signal transduction pathway involved in the expression of AQPs with ATRA stimulation and determine whether regulating the expression of AQPs in vaginal tissue might improve vaginal lubrication in an animal model. We presume that a knockout animal model would help facilitate this investigation of the relation of these two molecules in the vaginal lubrication process. Further investigation into the effects of ATRA-induced AQP3 expression and water permeability in vivo or in vitro ultimately could provide a novel approach for elucidating the pathophysiology of vaginal secretion and for treating the sexual dysfunction of diminished vaginal lubrication. Additional studies are needed to investigate the regulation of all kinds of AQPs by ATRA with the use of vaginal cells in various clinical conditions. This goal might be accomplished by targeting specific disease conditions, such as dyspareunia, vaginal dryness, and sexual pain disorder, that might be affected by an abnormal sexual response and vaginal lubrication. Thus, the results of the present study have potential implications for future therapeutic options for the treatment of female sexual dysfunctions and abnormal vaginal lubrication.

Conclusions {#sec6}
===========

The present results showed that ATRA mediated by RAR increased the expression of the AQP3 gene and protein in human vaginal mucosal epithelial cells. These results imply that AQP3 regulated by ATRA could play an important role in the mechanism of vaginal lubrication.
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![Effect of all-trans retinoic acid on the expression of AQP3 protein in cultured human vaginal mucosal epithelial cells. Panel A shows the detection of AQP3 in the cell membrane of human vaginal epithelial cells (green) by confocal microscopy after immunostaining with anti-AQP3. Cells also were stained with 4′-6-diamidino-2-phenylindole to visualize the nucleus (blue). Panel B shows the incubation of cells with all-trans retinoic acid 1 μmol/L for 0, 3, 6, 12, or 24 hours. Twenty micrograms of whole-cell lysates was applied to sodium dodecylsulfate polyacrylamide gel electrophoresis followed by western blotting with anti-AQP3 and anti--β-actin antibodies. Panel C shows the incubation of cells with all-trans retinoic acid 0, 0.01, 0.1, or 1 μmol/L for 24 hours. Levels of AQP3 protein were examined by western blotting. The results are representative of three independent experiments. The expression of AQP3 was dose-dependently increased by all-trans retinoic acid treatment. ^∗^*P* \< 0.05 vs untreated control. AQP3 = aquaporin 3; Con = control; GAPDH = glyceraldehyde 3-phosphate dehydrogenase.](gr1){#fig1}

![Effects of all-trans retinoic acid on AQP3 expression analyzed by reverse transcription polymerase chain reaction. CRL2616 cells were incubated with all-trans retinoic acid 0.01, 0.1, or 1 μmol/L for 24 hours. Then, cells were harvested and total RNA was prepared. All-trans retinoic acid dose-dependently increased AQP3 gene expression in cultured human vaginal mucosal epithelial cells. ^∗^*P* \< 0.05 vs untreated control. AQP3 = aquaporin 3; Con = control; RA = retinoic acid.](gr2){#fig2}

![Expression of RARα protein after all-trans retinoic acid treatment for 24 hours in cultured human vaginal mucosal epithelial cells. Cells were incubated with all-trans retinoic acid 0.01, 0.1, or 1 μmol/L for 24 hours and levels of RARα protein were examined by western blotting with anti-RARα and anti--β-actin. There was a significant increase in the expression of RARα at the all-trans retinoic acid doses of 0.1 and 1 μmol/L. Results are representative of three independent experiments. ^∗^*P* \< 0.05 vs untreated control. Con = control; RA = retinoic acid; RARα = retinoic acid receptor-α.](gr3){#fig3}

![Expression of AQP3 after treatment with a retinoic acid receptor antagonist (Ro 41-5253). CRL2616 cells were treated with all-trans retinoic acid 1 μmol/L and different amounts of Ro 41-5253 for 24 hours. Whole-cell lysates were applied to sodium dodecylsulfate polyacrylamide gel electrophoresis followed by western blotting with anti-AQP3 and anti--β-actin antibodies. Treatment of human vaginal mucosal cells with Ro 41-5253 for 24 hours significantly decreased AQP3 protein expression compared with controls. Results represent at least three independent experiments. ^∗^*P* \< 0.05 vs untreated control. AQP3 = aquaporin 3.](gr4){#fig4}

[^1]: Equivalent contribution.
